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The E949 experiment at the Alternating Gradient

The K*—7r*vV decay is one of the ‘Golden Modes’ for
study of CP violation and quark mixing, and along with the
neutral analog K?— r1°wv can completely determine the
CKM triangle. These K— 7rvwmodes have small
theoretical uncertainty, allowing unambiguous extraction
of quark mixing and CP violation parameters.The

K— mmvvmeasurements are timely and important and
complementary to those obtained from the B system.
Measurement of K*— 7wV directly complements the
results expected soon on B, mixing from the CDF and DO
experiments presently collecting data at the Fermilab
Tevatron, since the ratio AMg /AMg, also gives a clean
determination of |V,|. Any discrepancies in the values
found in the K and B systems would be unambiguous
indicators of new physics.

The E787 experiment presented

evidence for the K*—m*vv decay

based on the observation of two ﬁ::;séxcv“
clean events with an expected LETTERS
background of 0.15+ 0.05 events at

a branching ratio of 1.57

The result is consistent with the

SM expectation of B(K*—>m'ww) =

(0.72 £0.21) x 10'°, but the

central experimental value exceeds

it by a factor of two.

The goal of E949 is to reach a sensitivity of 10™after 3
years of running at full intensity of the AGS during RHIC
operations. E949 encompasses many improvements to the
E787 apparatus that decrease backgrounds and allow for
running at higher rates.The experience of E787 provides a
high level of confidence in projecting the sensitivity of
E949, which has been borne out by preliminary
examination of the data from the first 12-week run of
E949 in 2002. This brief run demonstrated the superior
performance of E949 and achieved sensitivity comparable
to E787. The

possibility of a B - cems  moosctimits

larger than = catle

expected g Asano

branching ratio =T

gives strong
impetus for E949
to fully explore
the possibility of e

new physics, or | —aros
alternatively to 051x10%0 osbige
make a precise 0 (=
measurement of

the magnitude of

£767 1989w

€767 1980910




E949
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Processes with small theoretical uncertainties

Process Experiments
© B(K* —wtup)  E787/E949, FNAL-E921
sg Q § BK® — 7%p) KOPIO, E391a
Qfé‘ 0 A(B — J/v9KJ) BaBar, Belle
CP violating decay rate asymmetry
AMg,/AMp,  CDF, D0, LHCh, BTeV
! O ratio of mixing frequencies of By and B, mesons

AVcb

e Comparison of |Vi4| from B(KT™ — 7Tv) and from
AMp_ /AMp, provides an important test of the SM.

e Comparison of sin24 from B(K? — 7%w)/ B(K* — ntvv) and from
A(B — J/YKY) is perhaps the definitive test of the SM picture of
CP violation.



Candidate E787TA Candidate E787C

vvvvvvvv

0 20 40

Time (ns)

v GGPNNZ” “PNN]_”
PHYSICAL™ P, (MeV/c) [140,195] 211,229
REVIEW Years 1996-97 1995-98
LETTERS " Stopped K+ 1.7 x 10*2 5.9 x 10'?

Sensitivity (S.E.S.) 6.9 x 107 ° 0.83 x 107 1°
. Candidates 1 2
‘u Background 1.22 +0.24 0.15 4+ 0.05

B(KT — nuvi) <22 x 1071 (1.575)55) x 1071
PNN1: PRL 88, 041803 (2002).

PNN2: limit is combined from 1996 [PL B537, 211 (2002)] and

1997 [hep-ex/0403034] data. (1997 acceptance 1.27x 1996)
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Experimental Considerations for K™ — 7 v

e 3-body decay with 2 missing particles = 0 < P_; < 227MeV /c ...and B< 10—10

e Must veto each extra particle to < 1073

e Particle identification (PID) is essential.

e Redundant precise kinematic measurements.

e Supress backgrounds by 101!

T LI I B B B I S S N N B B Process B PID veto kin. time

KT — #1729 (K._5) 0.21 - NV v/ -

u pty (64) KT — M+V (K,u2) 0.63 v - v -
mrr® (.27)

KT — uTuy 0.005 V/ v/ - -
< v Kt — 20,1y 0.032 Vv NV - -
= é KT — 70etyu 0.048 Vv v v - -
> ’ —
§ / KT & ntna— ot 0.056 - v/ v N -
= xT scatter - A - - N4
z Ktn — K, p;

/,’ KL — ’7T+£_V - - \/ - \/
e /AI\..I.... “in? — ki . .
0 50 100 150 200 250 300 in.” = kinematic suppression
Momentum (MeV/c) . . .
“PID” = includes w/u and K /7 discrimination
in K+
P_+ in KT rest frame B(KT - ntuvT ) = 0.77 x 10— 10




E949 method

e ~ 700 MeV /c KT beam

e Stop K™ in scint. fiber target
e Wait at least 2 ns for K™ decay
e Measure P in drift chamber

e Measure range R and energy E
in target and range stack (RS)

e Stop 7T in range stack

e Observe 1t — pu™ — e in RS
e Veto photons, charged tracks
eNew /upgraded detector el-

ements

(a) Barrel

Veto -

BVL

Range

Stack ,

RSSC—

Endcap

Collar '

K+Beam)=/tll\

C UupVv




E949 Upgrades

Upgrades to E787:

i<
10 E7 787 /E949 1995— 2002 Data Taking Summary

e More protons from AGS B T e
e Improved photon veto . F -~
. ézooo: 2002 (E949)./ 1998 _99 (E787
— Lower phase space now accessible 3 __ | w15 fiovess eren
e Improved tracking and kinematic 2 .coo . /?o‘;__,?f’q
: R /A= 7
resolution soo L |
. o ;.afﬁ’/“;# 2001 (E949 Engineering run)_ | 1
e Improved trigger/DAQ — reduce  ° 2 [Z7 78 Ties nip s (e
deadtime and allow high rate opera-
tion g oT
e Improved beam system = :
"D
= %
= :
Not optimal in 2002: s N
10 “= T
1. Duty factor. -

2. Proton energy.
3. K/m separation, KT flux

0.3 0.4 0.5 0.6 0.7 0.8 0.9
T otal Acceptance

Background Rejection as a function of KT — ntup

signal Acceptance for the photon veto cut for E787

7and E949.



E787 and E949 analysis strategy

A priori identification of background sources.

Suppress each background source with at least two
independent cuts.

Backgrounds cannot be reliably simulated: measure
with data by inverting cuts and measuring rejection
taking any (small) correlations into account.

To avoid bias, set cuts using 1/3 of data, then mea-
sure backgrounds with remaining 2/3 sample.

Verify background estimates by loosening cuts and
comparing observed and predicted rates.

Use MC to measure geometrical acceptance for
KT — 7tvp. Verify by measuring B(Kt — 7T x?).

“Blind” analysis. Don’t examine signal region until
all backgrounds verified.

E . . | . .
80 |0 100 110 120 130 140
Encergy (MeV)

Select photons, measure rejection of kinematic

cuts (P, R, E).

108
107

On

10°

e @

104

1072

10 ns

190 200 210 220 230
Momentum (MeV /<)

Select KT — 7170 kinematically, measure rejec-

tion of photon veto.



Verify background prediction by loosening cuts

Relax cut to reduce rejection by x10. New, larger region should have 10x background of

signal box.

PV xKIN 10 x 10 | 20 x 20 | 20 x 50 50 x 50 50 x 100
Ko Observed 3 4 9 22 53
Predicted 1.1 4.9 12.4 31.1 62.4
TD xKIN 10 x 10 | 20 x 20 | 50 x 50 | 80 x 50 120 x 50
K2 Observed 0 1 12 16 25
Predicted 0.35 1.4 9.1 14.5 21.8
TD xKIN 10 x 10 | 20 x 20 | 50 x 20 | 80 x 20 80 x 40
Kum Observed 1 1 4 5 11
Predicted 0.31 1.3 3.2 5.2 10.4

Kum = Kt — uwt oy, KT — 7r0,u+1/ and K" - 7n7#x% 7 — ,u+1/

TD= m — u — e identification, PV=Photon Veto rej., KIN= kinematic rej. M X N =

reduction in rejection with respect to signal region (=1x1)

Quantify consistency: Fit Nops = cNpreq and expect ¢ = 1.

Background c x2 Probability = Total background
Ko 0.8510 17 0.17 0.216 £ 0.023
K2 1.15702° 0.67 0.044 £ 0.005
Kim 1.06703° 0.40 0.024 £ 0.010




Opening the box

Range (cm) vs Energy (MeV)
for £949 data after all other
cuts applied.

Solid line shows signal region.

Single candidate found.

Cluster near 110 MeV is
unvetoed K+ — 7+ 70,
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Event characteristics

Date of event April 2, 2002
Run/spill/event 48634/335/76046
Time in spill 1.27s

Kaon energy in target 79.7 MeV

Kaon time in target (tp) 0.6 ns

z of kaon decay vertex 8.9 cm

(z, y) of kaon decay vertex (-2.8, -1.6) cm
Pion energy in target 20.8 MeV

Pion range in target 7.6 cm

Pion time in target (tx) 4.9 ns

Pion time in IC (ictime)
cos 6 of the pion track
¢ of the pion track
Pion momentum

Pion range

Pion kinetic energy

RS stopping sector/layer
Pion lifetime

Muon energy

Muon lifetime

Range-momentum

3.8 ns
-0.24

1.42

227.3 MeV /c
39.2 cm
128.9 MeV
3/14

6.2 ns

3.7 MeV
1370.53 ns
0.63

60 —

20 -

k=]
T

-20 —

40




Is this event background?

How likely is it that the candidate is due to known background?

Question: Suppose we do 100 experiments, how many will have a
candidate from a known background source that is as signal-like or more

signal-like than the observed candidate?
Answer: ~ 7

The sum of background in all cells with s;/b; greater or equal to the cell
containing the observed candidate is 0.077. The probability that 0.077

could produce one or more events is 0.074 (~ 7/100).

The E949 candidate is more likely to be due to background than the two
E787 candidates.

Candidate  E787A E787C E949A
Probability  0.006 0.02 0.07
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Combined E787/E949

Range (cm) vs. Energy (MeV) for
combined E787 and E949 data af-
ter all other cuts applied.

Dashed line is E787 signal region.
Solid line is E949 signal region.
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1995-2002: B(K+ —7atur ) = 1.47 3 x 10710

ET787 E949
Stopped KT (Nx) 5.9 x 102 1.8 x 1012
Total Acceptance 0.0020 4 0.0002 | 0.0022 4+ 0.0002
S.E.S. 0.8 x 1071Y 2.6 x 10719
Total Background 0.14 £ 0.05 0.30 £ 0.03
Candidate E787TA | E787C E949A
Si/b; 50 7 0.9
W; = 525 0.98 | 0.88 0.48

b; = background of cell containing candidate

S; = BA; Nk = signal for cell containing candidate

A; = acceptance

B = measured central value of KT — 7wt vv branching fraction

W, =5;/(S; + b;) = a posteriori event weight
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Combined E787 and E949 results for B(K™ — nvp)

B(K* — ntuw) = (1.4775359) x 10719 (68% CL interval)

BKt — 7mtvr) > 0.42 x 10719 at 90% CL.

BKt — ntvr) < 3.22 x 10719 at 90% CL.
SM: B(KT — ntvi) = (0.77 £ 0.11) x 1071% [B&B NPB548,309(1999)]

B(Ky, — m°vv) < 1.4 x 1072 at 90% CL. [Grossman&Nir PLB398,163(1997)]
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Progress in K™ — 7w
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Very interesting .... so What Next?

A 3" Kt 1ty event has been observed. The BR

remains 2xSM.
—> More data is needed.

E949 is analyzing more data (PNN2, phase space below the
KT —nT7° peak)

More E949 running? Finish the experiment...

Next generation KT — n7vv experiment?

17



Arbitrary Units

PNN2: KT — v below KT — wt#w? peak

More phase space than PNN1
Less loss due to 71TV interactions

P(n™) = (140,195) MeV /c probes

_|_

more of K™ — 71t vo spectrum

Main background mechanism is
K™ — 717" followed by © scatter

in target.

mtatr (L056)

/A|\..|..

100 150 200 250 300
Momentum (MeV /c)

Total Rejection Factor
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E787: PNN2/PNN1 acceptance ~ %

E949 goal: PNN2 sensitivity equal to
PNN1 with S/B = 1. (This implies x2
increase in acceptance and X5 increase
in background rejection. )

Upgraded photon veto.
Improved algorithms to identify KT —

7T 7Y followed by w1 scatter in target.

0.6 0.7 0.8 0.9
Total Acceptance

0.5



What about more running of E949

e BNL and FNAL developed a plan to fully exploit the ‘kaon’ component
of flavor physics and to capitalize on the observation of K+ — 717 by
E787. This plan included E949, designed to observe 10 SM events, and
CKM, using a new decay-in-flight technique with higher rate capability,
designed to observe 100 SM events.

e £949 was evaluated as ‘must do’ by the BNL PAC and approved by BNL
in 1998; CKM was given scientific approval by FNAL in 2001.

e This plan was endorsed by DOE-HEP and E949 was approved by DOE
in August 1999 to run for 60 weeks, concurrent with RHIC operation, over
three years (F'Y01-03).

e HEP operations at AGS halted by DOE after 12 weeks of successfull
running. Upgrades performed as predicted.

e A proposal to continue running E949 has been submitted to the National

Science Foundation
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The future of K™ — nTvw

e £949 Analysis of KT — ntwvw for P(n™) < 195 MeV /c is in progress.

e The E949 detector and collaboration are ready to complete the

experiment and are awaiting funding.

o Future K+ — 7T v experiments: stopped Kt at J-PARC? or
decay-in-flight experiments at FNAL or CERN?
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Conclusions

e Upgrades of E787 to create E949 were!l

successtul.

e [949 has observed an additional
K+ — 7Tvi candidate:

BKT — ntuw) = (1.471539) x 10710
twice the SM prediction. (Consistent with
the SM and similarly consistent with 3.5
times the SM.)

e The detector and collaboration are
ready to complete the experiment.

e E949 analysis of Kt — ntvi for
P(mT) < 195 MeV /c is in progress.

Critical tests of the Standard Model:

A

/ KL—HT vy

e Overconstrain § from B — ¢ K2 and K} »7°vv /KT —7ntuw

e Overconstrain |Vi4| from AMpg /AMp, and KT —n vy
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